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Introduction
In recent years, antioxidants have been the subject of intense research interest mainly due to their beneficial properties associated to human health and wellbeing [1] . Oxidative stress, the imbalance between reactive oxygen and nitrogen species (ROS and RNS) production and the antioxidant defence, is well known to play a fundamental role in different pathophysiological conditions [2] . In fact, a strong link between age related diseases such as cancer, cardiovascular, immune and neurodegenerative disorders with oxidative stress has been recently found [3] [4] [5] . With an aging world population, the occurrence of these conditions is on the increase and therefore there is intense interest in the search and study for novel antioxidant molecules for their potential use as therapeutic agents [6] . Furthermore, new synthetic antioxidants can help to decipher the mode of action of many diseases associated with oxidative stress. In the last decade, Choi et al. showed the beneficial effect of an antioxidant-based therapy on cognitive decline in patients suffering from Alzheimer disease (AD) [7] . In addition, Takahata et al. reported on the strong link between oxidative stress and the lipid peroxidation occurring in Parkinson's disease (PD), thus setting the basis for a possible antioxidant therapeutic approach [8] . Along with their potential therapeutic applications, the food industry uses popular synthetic antioxidants such as trolox, ethylvanillin, butylhydroxytoluene (BHT) and butylhydroxyaniline (BHA) to extend the shelf life of food products. Therefore, there is also high demand for new antioxidants in the food industry [9, 10] .
Although there have been many studies on the application of individual natural and synthetic polyphenolic compounds against cancer [11] [12] [13] and inflammatory conditions [14] , there is limited information on the derivatives of vanillin. The latter is a phenolic compound widely available and applied in the food, drink and cosmetic industries [15, 16] . Furthermore it has been shown recently that vanillin exhibited neuroprotection ability in an experimental model of Huntington's disease and ischemia mainly due to its antioxidant, anti-inflammatory, and anti-apoptotic properties [17] . Recently, Lee et al. reported the synthesis of a number of vanillin based dendrimers with enhanced antioxidant properties. They also found those dendrimers to have protective effects on fatty acid (linoleic acid), DNA (pBR322), and lipoprotein (human LDL) against free radical damage. [18, 19] . In other reports diarylpyrazole derivatives bearing a vanillinic hydrazine moiety, had been designed and synthesised to demonstrate both in vivo hypoglycemic and in vitro antioxidant activities. It M A N U S C R I P T
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was also claimed that the presence of vanillinic group contributed to its radical scavenging properties [20, 21] .
Here we report for the first time the synthesis and characterisation of a number of new vanillin derivatives (Scheme 1, 1a-1j, 2a-2f, 3 and 4) ; the determination of their in vitro antioxidant properties together with their structure activity relationship (SAR) analysis and their ability to protect DNA from free radical damage. The protection of hydrogen peroxide stressed human neuroblastoma cells with the most active antioxidant derivatives (1b, 2c) was also studied.
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Results and discussion
Chemical Synthesis
The synthesis of a series of vanillin derivatives was achieved by reacting Vanillin with the corresponding amines under reductive amination conditions [22] (NaCNBH 3, ZnCl 2 ) in methanol to yield either the mono, di-or the tetra-vanillin derivatives in yields ranging from 12-90% (see scheme 1).
Scheme 1. Chemical strategy for the synthesis of Vanillin derivatives
Depending on the ratio of the reagents used in each reaction, either the di-or tetra-vanillin derivatives were obtained. For example, in the synthesis of divanillin derivatives 1a-1f and 1i an excess of amines was required. The excess amine was removed by extracting with CHCl 3 /saturated NaHCO 3 (the amines being water soluble together with NaCNBH 4 and ZnCl 2 , were efficiently removed by the bicarbonate solution wash) or by column M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT chromatography (CHCl 3 / MeOH 95:5). Interestingly, this reaction always yielded the di-Nalkylated product (divanillin) rather than the mono-N-alkylated derivative. This finding will require further study and elaboration, but it was out with the scope of this work. For this reason, the synthesis of compound 4 was performed in a multistep reaction (see scheme 1); Compound 1 was obtained after the reaction of vanillin with an equimolar amount of amine to yield the corresponding imine which upon subsequent reduction, using sodium borohydride, afforded 4 in 68%. It is also of interest to note that only the N,N-divanillin derivative 1h was obtained following the same above mentioned strategy and no N 1 ,N 3disubstituted isomeric compound was obtained as a by-product.
Interestingly, some of the crude compounds when purified by solvent extraction gave poorer yields (12-23%) . This is due to the fact that these products are sparingly soluble in the aqueous phase. In contrast using column chromatography for purification of the crudes afforded higher yields (65-82%). For the synthesis of 1g, 1j, 2a-2f an excess of the aldehydic compound (2-3 equivalents) led to the production of the stoichiometrically desired compounds in good yields (38-90%) which precipitated out from the reaction solution except for compound 2b (18%). All compounds were fully characterised by 1 H and 13 C NMR and high resolution mass spectroscopy (see experimental section and Supplementary Information, SI).
Antioxidant activity
All compounds synthesised were studied for their antioxidant properties using a range of assays with differing oxidative potential evaluating mechanisms. Furthermore, the ability of selected compounds to protect plasmid pBR322DNA from damage in the presence of the radical initiator AAPH was also studied. All the antioxidant results are listed in tables 1 and 2 below.
DPPH Assay
Diphenyl-1-picrylhydrazyl (DPPH) is a stable organic nitrogen radical with an absorption maximum at 515nm. Its reduction in the presence of antioxidants was monitored spectrophotometrically [23] . The IC 50 value of each compound was determined (see table 1 and Supplementary Information, SI). All the Vanillin derivatives except 1h, 2a and 2e showed strong radical scavenging activity with IC 50 ranging from 5.8 to 248 µM when compared with the starting compounds used in the synthesis i.e. vanillin and syringaldehyde (IC 50 4050 and 1150 µM respectively). Interestingly the majority of the compounds M A N U S C R I P T
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synthesised, showed similar range of activity to known antioxidant Trolox (IC 50 27.6 µM) [19] . It can clearly demonstrated that the structural feature contributing to the greatest impact on the radical scavenging property was the basicity of the nitrogen in the molecule. This is 
FRAP Assay
The FRAP assay works at acidic pH and is based on the reduction of the ferrictripyridyltriazine complex by antioxidants. The resulting formation of the ferroustripyridyltriazine complex leads to a measurable blue colour (593 nm) [25] and the results are comparable FRAP activity to compounds 1a-1i, all the latter compounds are not able to delocalize the tertiary amino electrons due to the absence any conjugated system linking vanillin /syringaldehyde moieties (see Figure 4 ).
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ORAC Assay
The ORAC assay is based on hydrogen atom transfer and measures the capacity of a compound to inhibit the peroxyl free radical induced oxidation of fluorescein. The thermal decomposition of the oxidative stress inducer AAPH results in the formation of free radicals, emulating that found commonly in the human body. Thus making this assay more relevant to biological systems [26] .
Only a selection of compounds was put through the ORAC assay (see table 2 ). The selection (1b, 1g, 1h, 2c, 2e, 3, 4) was based on the number of vanillin moieties and the results from the previous antioxidant assays. Results from each assay are expressed as a mean ± SD of three independent experiments.
All the derivatives showed increased activity with the ORAC assay compared with the starting compound vanillin (2.19 TE) except the imine derivative 3 (1.85 TE) (see table 2 ).
The different types of alkyl chains has no effect on the activity in this assay. For example 1b and 1g showed similar activity (6.02 and 5.34 TE respectively); however, the number of vanillin moieties in the molecule appears to contribute significantly in the activity, since compound 1g showed to be 2 fold more active than 4. At the same time, compound 4 (a 2 o amine) showed increased activity when compared with 3 (imine), confirming the importance of the nitrogen basicity as discussed above. In contrast to the DPPH and FRAP assays the hydrochloride salts 1h and 2e, turned out to be active in the ORAC assay with 4.08 and 7.54 TE respectively. This may be due to the weakly basic (pH 7.4) environment the experiment was carried out. Compound 2c showed the highest activity (20.4 TE), highlighting the importance of the number of vanillin moieties in the molecule.
DNA Damage Protection Assay
The same set of compounds used in the ORAC assay was applied to the DNA damage protection assay. As previously demonstrated in the ORAC assay above, AAPH has the ability to reduce fluorescence intensity of the used fluorescence probe, caused by radical Interestingly in this assay no statistically difference in activity between imine 3 and its corresponding reduced form 4 was showed (IC 50 3.8 and 4.1 µM respectively).
Cellular protection through MTT assay
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay is a colorimetric experiment to study cell viability. In this study, the protective potential of 1b and 2c was investigated using the neuroblastoma SH-SY5Y human derived cell line. In many age related diseases, cell death is often induced by the presence of Reactive Oxygen Species (ROS). Here 
mM HEPES), supplemented with 10% (v/v) Foetal Bovine Serum (FBS) and 1%
Penicillin/Streptomycin (10,000 µg/mL). Cells were grown at 37 o C (5% CO 2 ). GelRed™ Nucleic Acid Gel Stains 10000x in water (Biotium) was from VWR.
General Method
All the Vanillin derivatives (1a-1j, 2a-2e) were obtained through the reductive amination in a one pot reaction as previously reported (with modifications). [34] In general a mixture of Vanillin, Syringaldehyde or Benzaldehyde and the corresponding amine or diamine were dissolved in methanol followed by the addition of NaCNBH 3 and ZnCl 2 . The reaction mixture was stirred overnight at room temperature. After the reaction was completed (monitored by tlc), it was evaporated to dryness using a rotary evaporator, then the residue was dissolved in chloroform followed by extraction with saturated NaHCO 3 (x 3). The organic fraction was dried with anhydrous sodium sulphate, filtered and the solvent removed under vacuo to yield the final products. In some cases as indicated in the method section, the crude products were directly subjected to column chromatography (CHCl 3 / MeOH 95:5) to give pure products. In other reactions, when the reaction was complete, the product precipitated out of solution. The resulting precipitate was collected by filtration, washed thoroughly and dried under vacuo.
Synthesis of 4,4'-(((2-hydroxyethyl)eazanediyl)bis(methylene))bis(2-methoxyphenol)-1a
Vanillin (1g, 6.6 mmol) and 2-aminoethanol (0.30 ml, 5 mmol) in presence of NaCNBH 3 (1.2 equiv.) and ZnCl 2 (1.2 equiv.) in methanol afforded 1a in 12 % yield as a thick orange oil after extraction with CHCl 3 and saturated NaHCO 3 . 1 HNMR: (CDCl 3 solvent peak δ:7.21), 
Synthesis of 4,4'-(((3-hydroxypropyl)azanediyl)bis(methylene))bis(2-methoxyphenol)-1b
Vanillin (1 g, 6.6 mmol) and 3-amino-1-propanol (0.326 ml, 5 mmol) in presence of 
Synthesis of 4,4'-(((4-hydroxybutyl)azanediyl)bis(methylene))bis(2-methoxyphenol)-1c
Vanillin (1 g, 6.6 mmol) and 4-amino-1-butanol (0.461 ml, 5 mmol) in presence of 
Synthesis of 4,4'-(((5-hydroxypentyl)azanediyl)bis(methylene))bis(2-methoxyphenol)-1d
Vanillin (1 g, 6.6 mmol) and 5-amino-1-pentanol (0.326 ml, 5 mmol) in presence of 
Synthesis of 4,4'-(((6-hydroxyhexyl)azanediyl)bis(methylene))bis(2-methoxyphenol)-1e
Vanillin (1 g, 6.6 mmol) and 6-amino-1-hexanol (0.59g, 5 mmol) in presence of NaCNBH 3 
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Synthesis of 4,4'-((butylazanediyl)bis(methylene))bis(2-methoxyphenol)-1f
Vanillin (1 g, 6.6 mmol) and n-butylamine (0.5ml, 5mmol) in presence of NaCNBH 3 
Synthesis of 4,4'-((benzylazanediyl)bis(methylene))bis(2-methoxyphenol)-1g
Vanillin (1.5 g, 10mmol) and benzylamine (0.55 ml, 5 mmol) in presence of NaCNBH 3 (1.2 equiv.) and ZnCl 2 (1.2 equiv.) in methanol gave a precipitate which after filtration, washing with deionized water and methanol, afforded 1g in 90 % yield. 
Synthesis of N 1 ,N 1 -bis(4-hydroxy-3-methoxybenzyl)propane-1,3-diaminium chloride-1h
Vanillin (1 g, 6.6 mmol) and 1,3 diaminopropane (0.84 ml, 10 mmol) in presence of NaCNBH 3 (1.2 equiv.) and ZnCl 2 (1.2 equiv.) in methanol afforded a precipitate which was filtered and washed with deionized water and methanol. Suspension of the precipitate in methanol (5 mL) followed by the addition of concentrated hydrochloric acid, gave a solid. All the solvent was removed using a rotary evaporator and the resulting solid washed with diethyl ether and dried under vacuo to yield 1h (67%) as a white solid. 
Synthesis of 4,4'-(((3-hydroxypropyl)azanediyl)bis(methylene))bis(2,6-dimethoxyphenol)-1i
Syringaldehyde (0.5 g, 2.7 mmol) and 3-amino-1-propanol (0.1 ml, 1.7 mmol) in presence of 
Synthesis of N 1 ,N 1 ,N 4 ,N 4 -tetrakis(3-methoxybenzyl)benzene-1,4-diamine -2a
m-Anisaldehyde (0.82 g, 6 mmol) and p-Phenylendiamine (0.1 g, 1 mmol) in presence of 
Synthesis of 4,4',4'',4'''-((((1r,4r)-cyclohexane-1,4diyl)bis(azanetriyl))tetrakis(methylene))tetrakis(2-methoxyphenol) -2b
Vanillin (1.82 g, 12 mmol) and trans-1,4-diaminocyclohexane (0.2 g, 2 mmol) in presence of 
Synthesis of 4,4',4'',4'''-((1,4-phenylenebis(azanetriyl))tetrakis(methylene))tetraphenol -2f
The reaction between 4 hydroxybenzaldehyde (1.5 g, 12 mmol) and p-Phenylenediamine (0.2 g, 2 mmol) in methanol was evaporated to dryness. The resulting solid was washed thoroughly with water, chloroform and after drying, gave 2f in 66%. 
ORAC Assay
The ability of the new compounds to prevent the oxidative degradation of the fluorescent molecule fluorescein was measured using ORAC assay following the methods described by 
DNA Damage Protection Assay
The ability of the novel derivatives to prevent oxidative stress-mediated strand breakage in supercoiled DNA plasmid was measured following the method previously described by us [37] and others [38] with minor changes. 0.7% agarose gel (50 mL, TAE buffer). Gel red dye The tubes were incubated in the dark at 37°C for 1 hour. 2 µl of loading dye (0.5% bromophenol blue, 50% glycerol in deionized water) were added in each tube and mixed thoroughly. Finally, 10 µl of each solution was loaded in each well of the agarose gel (0.7%) and it was electrophoresed for 70 minutes at 80 volts. The gels were analysed with a Fusion FX7 system for chemiluminescence and fluorescence and a picture was taken with a high resolution camera system.
Cell viability in the presence of H 2 O 2 stressor using the MTT Cell Assay
SH-SY5Y cells were seeded (7 
